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Abstract
A joint research project between the Technical University of Braunschweig and the Technical University of Mu¨nchen investigates the
possibilities for the production of stable product suspensions in a particle size range smaller than 100 nm. This paper shows the experimental
setup which allows the measurement of the most important electrochemical properties and the analysis of the particle size distribution of the
product suspension as well as an adjustment of the pH value for stabilization during the comminution process. Results for comminution of
fused corundum with different grinding media materials and grinding media sizes are shown. In addition, results showing the influence of the
electrostatic stabilization on the grinding progress are presented. Further, the rheology of the product suspension is examined depending on
grinding progress and suspension stability.
D 2003 Elsevier Science B.V.
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1. Introduction
The fabrication of products with higher homogeneity,
solubility or strength and thus higher product quality re-
quires the use of submicron particles. Especially the chem-
ical and pharmaceutical industry as well as the ceramic or
the microelectronic industry demand more and more sus-
pensions of materials with a high fineness and storage
stability. One way to produce such suspensions is wet
comminution in stirred media mills.
The first comprehensive investigations on grinding in
stirred media mills were performed by Stehr [1] and Weit
[2]. These investigations show that the comminution pro-
gress mainly depends on the specific energy input Em,
which is the total energy supplied to the grinding chamber
related to the product mass. Further studies published
(among others Joost [3], Thiel [4], Bunge [5], Mankosa et
al. [6], Stadler et al. [7] and Roelofsen [8]) show that besides
the specific energy input the grinding media size has a great
influence on the comminution result. The specific energy
consumption can be reduced considerably by matching the
grinding media size to the comminution problem. In a
product particle size range down to 1 Am, the comminution
behaviour of stirred media mills can essentially be described
by the parameters specific energy Em, stress number SN and
stress energy SE (Kwade [9]).
In the submicron particle size range, the behaviour of the
product suspensions is increasingly influenced by particle–
particle interactions. Due to these interactions, often sponta-
neous agglomeration of product particles occurs and the
viscosity of the product suspension increases. If product
particle sizes smaller than 1 Am are reached, these inter-
actions can lead to an equilibrium state between agglomer-
ation, desagglomeration and comminution, thus no further
comminution progress results in spite of increasing energy
input. Fundamental theoretical and experimental investiga-
tions about grinding and crack formation in solids have been
undertaken by Scho¨nert [10]. Based on this work, he
estimates the possible minimum particle size for breakage
to be in a range of 10–100 nm depending on the physical
properties of the material.
Investigations of the comminution of fused corundum
(Al2O3) should answer the question whether and in which
particle size range a limit of the grindability exists. Therefore,
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reagglomeration phenomena as well as problematic changes
of the rheological behaviour of the product suspension should
be prevented by the fast electrostatic stabilization.
2. Experimental setup
A laboratory stirred media mill was used for all commi-
nution experiments (see Fig. 1). This media mill has a
chamber volume of 0.9 l. The cylinder of the mill is
double-walled and cooled. Thus, the temperature of the
suspension could be kept constant at f 20 jC. The stirrer
is equipped with five perforated discs in Braunschweig and
six perforated discs in Mu¨nchen, respectively.
In the first step, experiments were performed with an
Al2O3-grinding chamber coating and Al2O3-stirrer discs to
avoid contamination. However, the discs were destroyed
after a short comminution time because of strong wear. The
coating shows also clear signs of wear. Therefore, wear-
resistant PU discs and a SiSiC-grinding chamber coating
(instead of PU to allow a proper cooling) were used for all
investigations shown in the following. The grinding media
separation is realized by a sieve cartridge of ZrO2. In the
section behind the sieve cartridge, problems with the dep-
osition of solids and grinding media arose during experi-
ments without stabilization. To avoid these deposits, the
cover plate was coated with a PU layer filling the gap
between it and the sieve cartridge.
The experimental setup (Fig. 1) provides a circuit mode
comminution of the product. The suspension is pumped
through the grinding chamber into a stirred vessel, the
measuring cell of the ultrasonic spectrometer and back into
the grinding chamber. The used ultrasonic spectrometer
(Dispersion Technology: DT1200) is especially developed
for solid concentrations in a range of 1–50 vol.%. The device
is equipped with different sensors allowing the simultaneous
measurement of temperature, conductivity, pH value, particle
size distribution as well as ~-potential. The determination of
the particle size distribution is based on the measurement of
the attenuation spectrum in the acoustic part of the device.
Ultrasound with frequencies in a range of 3–100 MHz is
transmitted through the sample. The ultrasound is attenuated
due to different mechanisms (viscous, thermal, scattering,
intrinsic, structural, electrokinetic). Thus, an attenuation
spectrum is measured at different gap widths. According to
the theory of acoustic attenuation, a particle size distribution
can be calculated from the measured attenuation spectrum
[11,12] without a prior calibration procedure. The necessary
bulk properties (e.g. bulk density, heat capacity, sound speed,
Fig. 1. Experimental setup.
Table 1
Chemical composition of the material [14]
Al2O3
(%)
TiO2
(%)
SiO2
(%)
Fe2O3
(%)
MgO
(%)
CaO
(%)
Na2O
(%)
Fe, diss.
(%)
99.61 0.01 0.04 0.04 0.01 0.03 0.26 0.01
 
 
 
Fig. 2. ~-potential measurement of the used a-Al2O3 powder at different
ionic strengths I.
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etc.) of the materials are stored in a database which is
implemented in the software.
For the determination of the ~-potential, the electro-
acoustic part of the device uses the electrokinetic effect. In
the used ultrasonic spectrometer, an ultrasonic field with a
frequency of 3 MHz is applied to the dispersion. This
ultrasonic field induces an alternating electric current, the
so-called colloid vibration current (CVI) [13] which is
measured. The ~-potential is calculated by an appropriate
theory, if the particle size distribution, the density contrast
and the solid concentration are known.
Before the product suspension is pumped into the meas-
uring cell, a suitable pH value for the electrostatic stabiliza-
tion is adjusted in the stirred vessel by addition of potential
determining ions. The product suspension is pumped back
into the mill behind the ultrasonic spectrometer. Torque and
number of revolutions are measured by a torque sensor shaft.
2.1. Material
A highly pure fused corundum (Al2O3) is used for all
investigations. Table 1 shows the composition of the Al2O3.
The density of this material is 3930 kg/m3 and the median
particle size x50,3 at the initial state is 34 Am (measured by
laser diffraction).
The electrochemical properties (~-potential) of the used
alumina were determined in the above-mentioned electro-
acoustic cell. For Al2O3, the ~-potential is a function of the
concentration of H+ and OH, thus depending on pH value.
Therefore, titration experiments (cm = 20% in distilled
water) were performed adjusting the pH value with con-
centrated nitric acid (HNO3) and caustic soda (NaOH).
Before starting the experiment, samples were treated for 3
min with ultrasound. As it can be seen from Fig. 2, the
maximum ~-potential of around 90 mV, i.e. the maximum
electrostatic repulsion, is obtained at pH 2. The ~-potential
decreases with increasing pH value reaching negative values
of  30 mV at pH 11. The isoelectric point, equal to the
minimum suspension stability, is reached around pH 9.
2.2. Grinding media
Grinding media differing in size, material and composi-
tion were used for the comminution experiments. The
grinding media densities and the composition of the used
media are shown in Table 2.
3. Results and discussions
3.1. The influence of the grinding media size and the stirrer
tip speed
Based on considerations of Kwade [9] on the stress energy
SE and the stress number SN the influence of the grinding
media diameter dGM and the stirrer tip speed vt on the
comminution result in the submicron particle range was
investigated for the comminution of fused corundum (Fig. 3).
First Al2O3-grinding media with diameters of 900 Am
and 1100 Am were used to avoid contamination by non-
product material due to wear. Grinding media of the same
material as the material to be ground guarantee constant
electrochemical properties of the suspension. Fig. 3 shows
that a better comminution result is achieved when a smaller
grinding media diameter is used. The change of the stirrer
tip speed vt shows no significant influence on the commi-
nution result.
Table 2
Composition of the used grinding media
Grinding media
type
Grinding media
density (kg/m3)
Al2O3
(%)
ZrO2 Y2O3
(%)
Other
(%)
Al2O3/86.5% 3300 86.5 – – 13.5
ZrO2/94.5% 6065 – 94.5 5.0 0.5
Fig. 3. Influence of the grinding media size and the stirrer tip speed (without stabilization).
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Since no Al2O3-grinding media of sufficient strength and
with sizes smaller than 900 Am were available, Y2O3-
stabilized ZrO2-grinding media were used in further experi-
ments which are available down to media sizes of 100 Am. In
addition, these grinding media show good wear properties.
3.2. Comminution with different grinding media materials
without stabilization
In Fig. 4, the development of the pH value (top), the
~-potential (middle) and the median particle size x50,3
(bottom) are shown for the comminution of fused corundum
with grinding media types of different material without any
stabilization. During the comminution of fused corundum,
Al2O3-grinding media show a significantly higher wear than
ZrO2-grinding media. Thus, the grinding media wear DmGM
has to be considered for the calculation of the specific
energy Em,V to allow comparisons when using different
grinding media (Becker [15], see Eq. (1)). It is assumed that
the grinding media wear increases proportional to the power
input N. Thus, the mass of the product is extended by
0.5DmGM.
Em;V ¼
Z t
0
NðsÞds
mp þ 0:5DmGM ð1Þ
During the comminution of fused corundum with Al2O3-
grinding media, only a slight increase in pH value is
depicted (Fig. 4, top). During the comminution with
ZrO2(Y2O3)-grinding media, the pH value increases similar
to the pH value when Al2O3-grinding media are used.
Regarding the ~-potential, Fig. 4 (middle) shows that
during the whole time of the comminution with Al2O3-
grinding media a negative ~-potential exists. Its absolute
values increase up to 25mV. The use of ZrO2(Y2O3)-grinding
media leads to a positive ~-potential at the beginning. At a
specific energy of about 13,000 kJ kg 1, the isoelectric point
is reached and a further energy input leads to an increase of
the absolute value of the ~-potential of up to 20 mV.
Fig. 4 (bottom) shows that with increasing energy input a
continuous grinding progress can be reached even without
addition of potential determining ions as long as Al2O3-
grinding media are used. After a specific energy input of
about 60,000 kJ kg 1, median particle sizes of the product
suspension of 120 nm can be analyzed by the ultrasonic
spectrometer. During the comminution with ZrO2(Y2O3)-
grinding media, a median particle size of 480 nm is
achieved at the isoelectric point. Due to agglomeration,
the median particle size increases up to 740 nm although
further energy input takes place. During the experiment, the
pressure in the mill increases because of an increasing
suspension viscosity. Because of this pressure increase in
the mill, the experiments with ZrO2(Y2O3)-grinding media
had to be stopped at a specific energy input Em,V of about
50,000 kJ kg 1.
3.3. Influence of electrostatic stabilization and grinding
media diameter on the grinding progress for comminution
with ZrO2-grinding media
In this section, it is discussed whether reagglomeration of
product particles during wet comminution in a stirred media
mill can be prevented by an additional electrostatic stabili-
zation and whether an influence of electrostatic stabilization
on the comminution result exists.
In Fig. 5, the development of the pH value (top), the
~-potential (middle) and the median particle size x50,3
(bottom) are shown for the comminution of fused corundum
with Y2O3-stabilized ZrO2-grinding media. First, the experi-
ment without stabilization (as discussed in Section 3.2) was
repeated. The results of both experiments are comparable. In
tendency, similar results are depicted. Like in the first
Fig. 4. Comminution with different grinding media materials without
stabilization.
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experiment, the repetition started with positive values of the
~-potential. During the experiment, the isoelectric point is
crossed and negative values of ~-potentials are obtained.
After the isoelectric point is reached, no further comminu-
tion progress can be observed.
After a specific energy input of about 55,000 kJ kg 1
(similar to the end of the former experiment), the pH value of
the product suspension was adjusted to pH 5 by addition of
concentrated nitric acid (HNO3). As soon as the addition of
these potential determining ions was started, the ~ potential
increased abruptly to values of up to 50 and 60 mV. Simulta-
neously, the median particle size x50,3 decreased from 300 Am
down to 80 nm. Similar to the former experiment and as a
result, the pressure in the mill increased in the first part of the
experiment. As soon as the pH adjustment was performed, the
viscosity and the pressure decreased rapidly. In addition,
further experiments were performed with stabilization of
the product suspension at pH 5 for the whole comminution
time. These investigations show that the time of the start of
the pH adjustment is irrelevant for the final comminution
result. If an Al2O3 suspension is stressed with the same
grinding media at identical parameters, the same ~-potential
and median particle size result at the same specific energy
input at identical pH values regardless of the time of pH
adjustment.
In addition, first experiments could be realized with
smaller ZrO2(Y2O3)-grinding media of 350 Am diameter.
As expected, a finer product suspension could be gained at
identical energy inputs compared to the results when using
grinding media of 800 Am diameter (Fig. 6). Kwade [9] had
shown that at identical specific energy inputs an optimum of
the stress energy SEGM exists, at which the finest product is
obtained. The stress energy of the grinding media SEGM is
defined as:
SEGM ¼ d3GMqGMv2t ð2Þ
with dGM = grinding media diameter, qGM= grinding media
density and vt = stirrer tip speed. The experiments performed
till now resulted only in SEGM values higher than the
optimum. Thus, SEGM has to be reduced, which due to the
third power dependence, can best be done by lowering the
diameter of the grinding media. These tests are under way.
For an analysis with the ultrasonic spectrometer, the solid
concentration of the suspension has to be known. It was
externally measured by a thermobalance before each anal-
ysis with the ultrasonic spectrometer, because it steadily
increases during the comminution due to grinding media
wear. At the beginning of each experiment, the solid mass
concentration was adjusted to cm = 0.2. Shortly after the start
of an experiment without stabilization, solid mass concen-
trations smaller than 0.2 can be measured. The reason for
this are deposits in the plumbing system which can also lead
to choking of the sieve cartridge. During comminution with
addition of potential determining ions, no deposits in the
 
 
Fig. 5. Influence of the electrostatic stabilization.
Fig. 6. Influence of the grinding media diameter.
S. Mende et al. / Powder Technology 132 (2003) 64–7368
plumbing system and on the sieve cartridge were found.
Even after a comminution time of more than 40 h, the sieve
cartridge can be completely cleaned by a short rinsing with
pure water.
3.4. Influence of different pH values
So far, the results have shown that no increase in
viscosity and thus no increase in pressure arises if the
product suspension of fused corundum is stabilized by
addition of nitric acid during the comminution. Further-
more, an electrostatic stabilization prevents deposits in the
plumbing system and choking of the sieve cartridge. For an
adjustment of the pH value to pH 5 during the whole
comminution time, the addition of a greater amount of acid
is necessary than for an adjustment of a pH value of 6 (Fig.
7, top). This leads to a decrease in solid concentration and a
strong increase in conductivity (Fig. 7, bottom).
Increasing values of the conductivity lead to a decreasing
thickness of the electrochemical double layer as well as the
~-potential and thus to a negative influence on the stability
conditions of the product suspension. Furthermore, if the
critical salt concentration is exceeded spontaneous agglom-
eration of the particles in the suspension can arise. There-
fore, it should be discussed whether a stabilization at pH 5 is
necessary or whether higher pH values are sufficient to
reach comparable results. For instance, only half of the
volume of acid is necessary (Fig. 7, top) for an adjustment
of the pH value to pH 6. This leads only to an increase in
conductivity to a maximum value of about 2.5 mS/cm
compared to 7 mS/cm at pH 5 (Fig. 7, bottom).
Fig. 8 shows the development of the ~-potential (middle)
and the median particle size (bottom) for two comminution
experiments of fused corundum with Y2O3 stabilized ZrO2-
grinding media at pH 5 and pH 6. Up to a specific energy
input of 105 J/kg1, identical results are depicted. For
specific energy inputs higher than 105 kJ kg 1, slightly
finer median particle sizes are measured for pH 5 although
the measured ~-potential is higher for pH 6. The develop-
ment of the ~-potential at pH 6 is not fully understood and
will be further investigated. A difference of an apparent
comminution progress is obtained after a specific energy
input of >105 kJ kg 1. If the suspension is adjusted to pH 6
 
Fig. 7. Addition of HNO3 (13%) and increase of the conductivity.
 
Fig. 8. Influence of the pH value on the long time comminution of fused
corundum with Y2O3-stabilized ZrO2-grinding media with addition of nitric
acid (HNO3).
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an apparent limit of grindability seems to be reached at a
median particle size of around 50 nm. On the contrary, a
stabilization at pH 5 leads to an ongoing increase in fineness
with increasing specific energy inputs. If the addition of acid
is interrupted for a short time during the pH 5 trial, an abrupt
increase of the pH value is obtained and the median particle
size also reaches a plateau. However, after re-adjustment of
the pH value to 5 again a finer product is gained.
3.5. Grinding media wear
For an estimation of the grinding media wear, the mass of
the grinding media is weighed before and after each experi-
ment (Joost [3]). The mass difference is called the grinding
media wear DmGM. A dimensionless value is obtained by
relating the loss of grinding media DmGM to the mass of
grinding media at the beginning of the comminution experi-
ment mGM (Eq. (3)).
DmGM
mGM
ð3Þ
With this value, a comparison of wear of grinding media
types with different compositions and different densities is
possible. With increasing grinding chamber volume, the
grinding media wear decreases. Therefore, due to Joost
[3], the dimensionless wear value is plotted as a function
of the total energy input Etot related to the grinding chamber
volume VGC (see Eq. (4)).
EV;GC ¼ Etot
VGC
¼
Z t
0
NðsÞds
VGC
ð4Þ
The results in Fig. 9 show a nearly 10 times higher
grinding media wear for comminution with Al2O3-grind-
ing media than with ZrO2-grinding media. In addition,
comminution experiments with smaller grinding media
sizes result in an increasing grinding media wear. Fur-
thermore, significantly higher grinding media wear was
observed when the suspension was electrostatically stabi-
lized from the beginning of the comminution experiment.
The later the stabilization was realized, the less wear
occurred.
3.6. Particle size analysis with different devices
In addition to measurements with the ultrasonic spec-
trometer (DT 1200), particle size analysis with a dynamic
light scattering technique (UPA, Microtrak) was performed.
A comparison of the results from comminution experi-
ments at pH 5 are shown in Fig. 10. With the online
technique, final particle sizes of around 30 nm were
measured whereas 105 nm were determined in the UPA
instrument at the same specific energy inputs. Because of
 
Fig. 9. Grinding media wear dependent on the stabilization conditions of the product suspension, the grinding media material and the grinding media size.
Fig. 10. Comparison of different particle size analysis.
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these differences, samples were prepared for TEM imaging
(Fig. 11) additionally.
The TEM images (JEOL, 2010) clearly show that there is
a large amount of very fine particles (50 nm and smaller)
already produced besides some larger ones partly agglom-
erated. The latter has a strong influence on the volume
distribution (see Fig. 10), but less on the number distribu-
tion. Therefore, the attenuation of ultrasound seems to be
more sensitive to the primary particle size whereas the
signal of the photon spectroscopy is influenced by a small
amount of large particles. Further research is necessary in
this field. In addition, it has to be examined whether the
large particles are product particles or due to wear and how
they can be minimized in the process.
3.7. The rheological behaviour
In addition to the above mentioned effects, the pH
value and thus suspension stability have a strong influence
on the rheology of product suspensions (Fig. 12). This can
affect the necessary energy input to achieve a desired
particle size, the movement of particles and grinding beads
and the flow of the product suspension through the milling
circuit. Therefore, milling experiments were stopped at
certain times and the product suspension was examined
rheologically. Rheological measurements were performed
in a rotational rheometer (CVO 120, Bohlin) with a
concentric cylinder measurement system (C 25). Samples
at various milling times were subjected to shear rate ramps
after a defined pre-shearing. For realising different sus-
pension stabilities, concentrated acid (HNO3) or base
(NaOH) was added. To see the influence of suspension
stability on the flow curves of rheological experiments,
samples with varying concentrations were shifted accord-
ing to Pahl et al. [16].
Due to higher solid concentrations (due to grinding
media wear), a higher internal shear rate is realized in
concentrated samples. This fact is compensated by intro-
ducing a shift factor B that relates the shear rate at a given
shear stress of the concentrated sample to that of the pure
suspending medium (e.g. water). Fig. 12 clearly shows the
influence of the comminution progress and suspension
stability on the rheology of the product suspension. For
very high modified shear rates (>10,000 1/s), the rheology
Fig. 11. TEM images of Al2O3, milled at pH= 5.
Fig. 12. Rheology of product suspensions (vt = 10 m/s, cm = 20 wt.%, Al2O3
grinding beads).
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of the product suspension for different comminution times
and suspension stabilities follows one flow curve. In this
shear rate range, rheology is solely influenced by hydro-
dynamics. For small modified shear rates, a strong influ-
ence of the comminution progress and the suspension
stability can be examined. With decreasing particle size
and suspension stability, the shear stress increases and the
formation of different yield stresses is observed causing
the above mentioned problems (e.g. deposits in the plumb-
ing system, pressure increase). The rheological behaviour
in that shear rate range is strongly influenced by particle–
particle interactions and can be modified by different
suspension stabilities. Further experiments (e.g. at constant
shear stress during the milling experiment) are necessary
to see the sole influence of rheology on the grinding
process.
4. Conclusions
In this contribution, results from experiments investigat-
ing the comminution process of submicron alumina par-
ticles in stirred media mills were presented. The influence
of different operating parameters and of suspension stabil-
ity on the progress of the comminution and the rheology
was examined in detail.
No distinct influence was yet found for the stirrer tip
speed. However, the size of the grinding media influen-
ces the comminution progress. For the investigated grind-
ing media sizes, it follows that the smaller the used
grinding media, the better is the comminution result.
The investigations show that the production of a stable
suspension of fused corundum with a median particle
size lower than 50 nm is possible by wet grinding in a
stirred media mill. During the comminution process, no
absolute limit of the grindability was reached. In addi-
tion, no influence of stabilization on the comminution
progress itself was found. If Al2O3 suspensions are
comminuted with the same grinding media and operating
parameters, the same ~-potential and median particle size
result at the same specific energy input at identical pH
values regardless of the time of pH adjustment. TEM
images proved the assumption that different stability
conditions inside the mill influence the grade of agglom-
eration of primary particles but not the comminution
process itself. In contrast, a higher grinding media wear
was observed when the product suspension was electro-
statically stabilized from the beginning of the comminu-
tion experiment.
However, due to increasing particle–particle interac-
tions for particle sizes below 1 Am stabilization is neces-
sary to prevent an increase in viscosity and a resulting
increase in pressure in the mill. Furthermore, without a
stabilization reagglomeration phenomena in the product
suspension lead to depositions in the plumbing system
and to a choking of the sieve cartridge. The rheology of
the product suspension can be adjusted to a desired value
by tailoring the particle interactions.
List of symbols
cm solid mass concentration (–)
dGM grinding media diameter (m)
E(t) energy during comminution time t (J)
Em specific energy (kJ kg
 1)
Em,V specific energy including the grinding media wear
(kJ kg 1)
EV,GC energy related to the grinding chamber volume (J
cm 3)
mGM mass of the grinding media (kg)
DmGM grinding media wear (kg)
mP product mass (kg)
n revolutions per minute (min 1)
N(s) power input at time s (W)
SN stress number (–)
SE stress energy (kJ kg 1)
SEGM stress energy of the grinding media (N m)
t comminution time (s)
vt stirrer tip speed (m/s)
VGC grinding chamber volume
x50,3 median particle size of the product suspension (m)
xP diameter of a product particle (m)
uGM filling ratio of the grinding media (–)
qGM density of the grinding media (kg/m
3)
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